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ABSTRACT 

The i n t e r a c t i o n  between ga lac t i c  cosmic rays and the steady so la r  

wind i s  studied. 

cosmic ray gas through which massive magnetic i r r e g u l a r i t i e s  a re  ca r r i ed  

by the  so la r  wind. Co l l i s i ons  between the streaming i r r e g u l a r i t i e s  and 

In the  steady s ta te  the cosmic rays form a s ta t i ona ry  

the s ta t i ona ry  cosmic ray gas t rans fer  energy and momentum t o  the cosmic 

rays. The cosmic ray gas i n  the so lar  environment i s  thereby heated by 

f r i c t i o n  w i t h  the so la r  wind t h a t  f lows through it. I n  the steady s t a t e  

the average cosmic rays near the ear th  a re  more energet ic  than they were 

In  i n t e r s t e l l a r  space by a fac to r  that  is less than three. 
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INTRODUCTION 

Of we look a t  l o c a l  cosmic rays 061 a scale somewhat la rger  than the 

so la r  system we see a s t a r  imbedded i n  the cosmic ray gas and e m i t t i n g  a 

stream o f  magnetized plasma i n  a l l  d i rec t i ons .  The s t e l l a r  plasma ca r r i es  

i r r e g u l a r i t i e s  which appear as small :k inks or knots i n  the magnetic f i e l d .  

There are  also inhomogeneTtieo in densi ty  and ve loc i t y .  The'magnetic i r -  

r e g u l a r i t i e s  sca t te r  indavidual  cosmic says w i t h  the r e s u l t  t h a t  the 

s t e l l a r  plasma tends t o  push the cosrnic ray gas away from the  s t a r . '  How- 

ever t h e  coswic ray gas d i f f uses  upstream toward the  s t a r  u n t i l  a balance 

i s  essablished i n  which outward convection i s  matched by inward d i f f us ion .  

A d e n s i t y  grad:esct is thereby set, up i n  which the cosmic ray gas has a 

l ~ ~ r  d e n i l f y  near the s t a r  than i n  deep i n t e r s t e l l a r  space, I n  the 

s teady s t a t e  the eosm;e ray gas a t  any po in t  has an i s o t r o p i c  v e l o c i t y  

d i s t r i b u t i o n  OR the K I I ~ C ~ Q S C ~ ~ ~ C  scale. That is, t h e ' b u l k  v e l o c i t y  o f  

the cosmic ray gas vanishes, i . e .  

where f(w) i s  the d i s t r i b u t i o n  funct ion.  - 
F r  ict.;on (by way of Coulomb in te rac t ions)  between the  plasma p a r t i c l e s  

and the cosmic rays i s  weak ecd w i l l  be neglected. The cosmic rays i n t e r -  

a c t  w i t h  the wind c h i e f l y  by way o f  the electromagnetic f i e l d s  ca r r i ed  by 

the wind. 
LH* mo 

which are  t ime inva r ian t  i n  the steady wind, p lus f luc tua t ing ,  s p a t i a l l y  

These: f i e l d s  can be separated into smooth par t s  Eo and 6 
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irregular parts. E arises from the polarization of the flowing 

plasma. I f  is the velocity of the plasma then 
YLlYIo 

nM 

The smooth, steady fTelds $0 not destroy the isotropy of the cosmic 

rays") although the kinetic energies of 'the individual particles do vary 

as they move about in the potential field ( 1 )  and a pressure gradient 

normal to the ecliptic tends to appear(2). The effect of the smooth 

'field on the energy of the average particle is 

which vanishes since s= 0 The smooth, large-scale time-invariant, 

average electromagnetic fields produce continual deceleration in the 
m 

stsady stateo 

Mow consider the interaction between the cosmic rays and the ir- 

regular components SP the field. The irregularities will scatter the 

cosmic rays. Now an irregularity i s  very massive when compared to an 

individual cosmic ray. The irregularity has the mass of the plasma to 

which the magnetic field i s  tied (b y  t h e  high electrical conductivity of 

the plasma) Observations of cosmic say suggest a size 

o f  the'order o f  10" cm for the typical irregularity responsible 

for the d 

hydrogen 

ffusion. The mass i s  therefore approximately ,t3 x 

mass) x (number density) c 10' grams. The momeotum of such 



a sca t te r i ng  center i s  about 18' times greater  than the momentum o f  a 
-- 

10-Gev cosmic ray proton. 

regard the  so la r  wind-cosmic ray i n t e r a c t i o n  as being the i n t e r a c t i o n  

between a gas o f  very massive p a r t i c l e s  ( the  magnetic i r r e g u l a r i t i e s )  

streaming through a s ta t i ona ry  gas o f  1 i g h t  p a r t  c les  ( t h e  cosmic rays).  

The l i g h t  gas maintains i t s  s ta t ionary  d i s t r i b u t  on i n  space by d i f f u s -  

ing upstream toward the sunp 

It i s  there fore  a very good approximation t o  

We now see a gas (cons is t ing  o f  clumps o f  magnetic f i e l d )  f low ing  

r a p i d l y  outward through a s ta t i ona ry  gas cons is t i ng  of cosmic rays. 

Col ! ts ions between the massive i r r e g u l a r i t i e s  and the cosmic rays , 

t tansfer  momentum and energy t o  the cosmic ray gas. The momentum trans- 

fe r red  t o  the cosmic ray gas i s  balanced by the  gradient  i n  the pressure 

o f  the cosmic ray gas( lo) .  The energy given t o  the  cosmic ray gas leaks 

away t o  i n t e r s t e l l a r  space car r ied  by ind iv idua l  cosmic rays which es-  

cape from the so la r  wind w i t h  more energy than they had when en ter ing  

aasfer can be regarded as the conversion o f  the stream- i t. The energy t 

Ing energy of the 

two in te rpenet ra t  

3 

so la r  wind i n t o  heat by the a c t i o n  of f r i c t i o n  between 

ng f l u i d s .  
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ACCELERATION BY FRICTION WITH SOLAR WIND 

An estimate o f  the r a t e  a t  which cosmic rays gain energy due to  

co l  1 i s  ions w i t h  the magnetic sca t te r i ng  centers t h a t  stream through the 

s t a t i o n a r y  cosmic ray gas i s  e a s i l y  made: 

dimension. A t  a given p o i n t  i n  space' the cosmic rays are maintained i n  

an i s o t r o p i c  d i s t r i b u t i o n  by scat ter ing.  Equal numbers of  cosmic rays 

reduce the  problem t o  one 

are moving upstream and downstream so t h a t  t he  average v e l o c i t y  i s  zero. 

In  a c o l l i s i o n  w i t h  a s c a t t e r i n g  center moving w i t h  v e l o c i t y  V , a 

p a r t i c l e  whose t o t a l  energy i s  & and whose speed i s  vd w i l l  s u f f e r  - 
a change i n  energy given by 

where the + ( - )  s ign  r e f e r s  t o  a head-on ( t a i l - o n )  c o l l i s i o n .  

number densi ty  o f  cosmic rays i s  n , the number densi ty  o f  s c a t t e r i n g  

I f  the 

centers and the cross 

number o f  head-on ( t a i l - o n  

sect ion 

t o 1  1 i s  

f o r  t o t a l  r e f l e c t i o n  W , then the 

ons per u n i t  volume per u n i t  t ime i s  

I - 2 n N r ( w * v )  

M u l t i p l y i n g  the number of  each kind o f  c o l l i s i o n  by the energy change f o r  

t h a t  k ind  of c o l l i s i o n  and adding gives the energy change suf fered per 

u n i t  t ime by a l l  the cosmic rays i n  a u n i t  volume. D i v i d i n g  by n 

then gives the average energy change per u n i t  t ime experienced by a 
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s i n g l e  p a r t i c l e .  Neglect ing terms i n  V2/C2 compared t o  u n i t y  the r e s u l t  

i s  

The ca l cu la t i on  i s  a b i t  more involved i n  three dimensions and there fore  we 

s h a l l  o u t l i n e  i t  here, leaving the d e t a i l s  t o  the Appendix. We l e t  f(@) be 

the angular p a r t  o f  the p a r t i c l e  v e l o c i t y  d i s t r i b u t i o n  function, 

v e l o c i t y  d i s t r i b u t i o n  func t i on  o f  the sca t te r i ng  centers w i th  dens i ty  N,  VR 
the magnitude o f  the r e l a t i v e  v e l o c i t y  o f  the p a r t i c l e s  and sca t te r i ng  centers, 

the d i f f e ren t i a l  sca t te r ing  cross sect ion  f o r  the p a r t  i c l e -sca t te r i ng  

center i n te rac t i on  w i t h  a center-of-mass sca t te r i ng  angle 6 and l e t  A€ 

be the change i n  energy suf fered by the p a r t i c l e  which had v e l o c i t y  W be- 

p(tc) the 
Iv 

r(@) 

> 

- 
f o r e  the c o l l i s i o n .  

by m u l t i p l y i n g  A& times the frequency o f  c o l l i s i o n  t/. I/ i s  equal t o  . 

the  product o f  the two d i s t r i b u t i o n  funct ions times the c o l l i s i o n  cross sec t ion  

The mean rate o f  change o f  energy o f  a p a r t i c l e  i s  given 

and the r e l a t i v e  ve loc i ty .  Since we want the mean r a t e  o f  change o f  energy. 

averaged over a l l  c o l l i s i o n s  per u n i t  time per u n i t  volume we must then in te -  

g ra te  over a l l  sca t te r i ng  center v e l o c i t i e s  U , sca t te r i ng  angles 8 , and 

inc ident  angles 8 , between tA. and.  W , the p a r t i c l e  ve loc i ty .  One 

should note tha t  the d i s t r i b u t i o n  funct ions are normalized so tha t  

.hr 

w M 

while 
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where i s  the densi ty  o f  sca t te r i ng  centers. Thus we wish t o  c a l c u l a t e  

I I 

- 1  

The case we w i l l  consider i s  t h a t  i n  which the s c a t t e r i n g  centers are 

streaming r a d i a l l y  outward from the sun w i t h  a constant v e l o c i t y  V , equal 

t o  the so la r  wind ve loc i t y .  This approximation neglects the random magneto- 

hydrodynamic waves which one expects t o  propagate w i t h  the A l f vkn  speed i n  a 

M 

frame o f  reference moving w i t h  the v e l o c i t y  v . The Al fv6n speed i s  about 

one 'tepth the so la r  wind speed which i s  300-500 km/sec. 

w 

Thus any second-order 

Fermi e f f e c t s  from the random motion o f  these MHD waves w i  11 be 100 times 

smal ler  than the f r i c t i o n  caused by the streaming i r r e g u l a r i t i e s .  

The s c a t t e r i n g  model chosen i s  180' s c a t t e r i n g  i n  the center-of-mass 

system. 

v e l o c i t y  should be used i n  equation (3). 

Lorentz transformation t o  the center-of-mass frame, l e t t i n g  the d i r e c t i o n  (bu t  

One should note t h a t  the r e l a t i v i s t i c  expression f o r  the r e l a t i v e  

A& i s  found by making a 

not the magnitude) o f  the p a r t i c l e ' s  momentum change i n  the s c a t t e r i n g  process, 

and then transforming back to  the laboratory  system. 
x 2 2 

The s i t u a t i o n  o f  p a r t i c u l a r  i n te res t  i s  t h a t  i n  which v < < r J c c  * 

For t h i s  case s u b s t i t u t i o n  i n  equation ( 3 )  yields,  a f t e r  integrat ion,  

where <= Aw/3 i s  the d i f f u s i o n  c o e f f i c i e n t  f o r  i s o t r o p i c  d i f f u -  

= I / r N  s i o n  i n  three dimensions and 

scat  t e c j  ilg - 

i s  t he  mean f r e e  path f o r  
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ADIABATIC DECELERATION 

The tendency f o r  the magnetic i r r e g u l a r i t i e s  t o  convect cosmic rays 

along w i th  the so la r  wind has led t o  the idea t h a t  cosmic rays i n  the 

in te rp lanetary  medium experience a systemat i c  decelerat ion known as 

'ad i a ba t i c dece 1 e ra  t i on' I D  (11) According t o  t h i s  idea, the k i n e t i e  energy 

T o f  a p a r t i c l e  located a t  r i s  con t i nua l l y  decreasing a t  the ra te  
w 

where A= 2 f o r  n o n r e l a t i v i s t i c  pa r t i c l es ,  d =  1 f o r  extreme re la -  

t i v i s t i c  p a r t i c l e s  and Y i s  the so la r  wind ve loc i t y .  
w 

Now Eq. ( 5 )  der ives from considering a f l u i d  i n  thermodynamic equi- 

l i b r i u m  a t  temperature T , undergoing an adiabat ic  expansion so tha t  

where h i s  the densi ty  and .f i s  the r a t i o n  o f  s p e c i f i c  heats, and 

having a f l u i d  v e l o c i t y  Y The temperature o f  a f l u i d  element then 

va r ies .  as 

- 

h --- 

wh i le  the dens i ty  and v e l o c i t y  f i e l d  are coupled by the c o n t i n u i t y  equa- 

t ion  
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Eqns. (6,7,8) may be combined t o  y i e l d  

i n  the steady state, which i s  the n o n r e l a t i v i s t i c  form o f  ( 5 ) .  

se t  d= 5/3 . 
We have 

We emphasize tha t  the v e l o c i t y  appearing i n  (2) i s  the b u l k  v e l o c i t y  

o f  the f l u i d  i t s e l f .  Therefore, i f  we want t o  apply eqn. (g), o r  i t s  

general ized form ( 5 ) ,  t o  cosmic rays then 

of the cosmic ray gas -- not t h e  veloci ty  of the  solar wind. 

v should be the bu lk  v e l o c i t y  
M 4  

Now, the average motion, as shown by S t e r n  @) , i s  zero i f  the magnetic 

f i e l d  i s  smooth. I f  the f i e l d  i s  very i r r e g u l a r  the average motion i s  

, where xL i s  the angular v e l o c i t y  o f  the sun (*J’’) . This  
n 4 v n  

JLxr 
- b v 4  

represents r i g i d  r o t a t i o n  o f  the cosmic ray gas w i t h  the sun.* Therefore, 

apar t  from the tendency t o  corotate, the b u l k  v e l o c i t y  o f  the s o l a r  wind i s  

zero i n  the steady s tate:  The cosmic ray d i s t r i b u t i o n  i n  the s o l a r  system i s  

the r e s u l t  o f  a compet i t ion between outward convection and inwardsdi f fusion. 

I n  the steady state,  the convective f l u x  i s  j u s t  balanced by the d i f f u s i v e  

f l u x  so t h a t  the bu lk  v e l o c i t y  appearing in  eg.(5) vanishes. This impl ies 

t h a t  there i s  a non-zero bu lk  v e l o c i t y  i n  the coordinate frame moving w i t h  

the  wind. The f a c t  t h a t  t h i s  v e l o c i t y  

*If we drop the assump.tion o f  spheri 

i n  the r a d i a l  d i r e c t i o n  become poss 

geometries must be assumed i n  order 

proaching the s o l a r  wind ve loc i ty .  

:a1 symmetry then streaming motions 

b l e  (2) . 
t o  achieve streaming v e l o c i t i e s  ap- 

However extremely d i s t o r t e d  
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i s  small compared t o  the mean p a r t i c l e  v e l o c i t y  j u s t i f i e s  the use o f  

d i f f u s i o n  theory and impl ies tha t  the d i s t r i b u t i o n  func t ion  i s  near ly  

i s o t r o p i c  i n  the frame o f  the wind. But we would not be j u s t i f i e d  i n  

e n t i r e l y  neglect ing V V  , thereby assuming isot ropy i n  the frame o f  

the wind, s ince t o  do so would leave us w i t h  a bu l k  v e l o c i t y  i n  the  frame 

- f  

rm 

o f  the sun 

equal t o  VWid . In t h i s  case the so la r  system, lack ing any sources, 

would be emptied o f g a l a c t i c  cosmic rays i n  a few days. 

be d i r e c t l y  appl ied t o g a l a c t i c  cosmic rays i n  the steady s tate.  

Hm 

Therefore e q  (5) cannot 
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It should a l so  be c lea r  t h a t  acce le ra t ion  and decelerat ion 0 )  cosmic 

rays, g a l a c t i c  p a r t i c l e s  included, is c e r t a i n l y  t o  be expected when the 

large scale s t ruc tu re  o f  the  in te rp lanetary  magnetic f i e l d  i 4  changing 

i n  time, as i t  does a f t e r  a large so la r  f l a r e  (19-15) I n  t h i s  paper we 

are  consider ing s t a t i o n a r y  condi t ions wh i l e  i n  the l a t t e r  references 

t rans ien t  condi t ions &re  considered, 

turbance which propagates i n t o  in terp lanetary  space. This  disturbance 

i s  va r ious l y  described as a cloud o f  tu rbu len t  plasma bear ing a d i s -  

A la rge  f l a r e  generates a d i s -  

ordered magnetic f ie ld( 'e)  or a b l a s t  wave expanding away from the sun (14) e 

I n  the former case the i r r e g u l a r  magnetic f i e l d  tends t o  exclude g a l a c t i c  

cosmic rayst leading t o  a Forbush decrease when the cloud sweeps over the  

ear th .  As the c loud grows from so la r  f l a r e  dimensions t o  astronomical- 

u n i t  dimensions 'the mean magnetic f i e l d  a; a given po in t  w i t h i n  the 

c loud decreases w i t h  time. The number o f  magnetic i r r e g u l a r i t i e s  per 

u n i t  volume a l s o  decreases w i t h  time. Under these t rans ien t  condi t ions 

there  i s  a decelerat ion o f  cosmic rays. 

The b l a s t  wave (la) i s  a region o r  s h e l l  o f  compressed in terp lane-  

t a r y  magnetic f i e l d  and gas a t  the head o f  tt'he c loud or disturbance. 

The advancing b l a s t  wave i s  capable o f  acce le ra t ing  cosmic rays and 

o the r  p a r t i c l e s  i n  i t s  path. Cosmic rays t h a t  f i n d  themselves behind 

the  b l a s t  wave are  r e f l e c t e d  by a "magnetic p is ton"  which expands away 

f r o m  the sun. The magnetic structure,  as character ized by the  s i ze  o f  

the  reg ion between the b l a s t  wave and the sung i s  growing i n  t ime and, 

by Fermi c o l l i s i o n s  o f  the overtaking type, t h i s  t rans ien t  expansion 

produces a dece le ra t ion  o f  cosmic rays. 
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These phenomena should be contrasted w i t h  the condi t ions e x i s t i n g  

i n  in te rp lanetary  space when the solar wind is steady. Except f o r  the 

reversa l  o f  f i e l d  d i  e c t i o n  wRen a sector boundary (") sweeps by, the 

average magnetic f i e  d ' a t  a po in t  is constant i n  s t rength  and d i rec t i on .  

Even I f  we take note o f  the  existence o f  f l uc tua t i ons  i n  B represent- 

ing sca t te r i ng  centers for cosmic rays, we must recognize t h a t  the number 

h 

o f  sca t te r i ng  centers per u n i t  volume i s  constant i n  t ime i n  the qu ie t  

w9nd. Therefore c o l l  i s lons  between cosmic rays and s c a t t e r i n g  centers 
. ,  

i n  the steady so la r  wind w i l l  not produce the dece le ra t ion  described by 

(15) Laster  e t  a1 

Instead,? the  streaming o f  the s c a t t e r i n g  centers throught the s ta -  

t i ona ry  cosmlc ray gas w i l l  heat the  cosmic ray gas, acce le ra t ing  i n d i -  

v idua l  cosmic rays. The accelerat ion w i l l  be enhanced by any random 

mot ion which the s c a t t e r i n g  centers may have. 

to a s lowly  t l r rn ing per fo ra ted  paddle wheel moving through a volume o f  

a i r ,  The paddles fend to convect the a i r  a long w i t h  them. The a i r  

leaks through the  Roles I n  the paddles a d  maintains a constant s p a t i a l  

d i s t r  but ion,  But f r i c t i s q  between the paddles and a i r  molecules heats I 

the a r. 

The problem i s  analagous 

- 
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DISCUSS ION 

The t y p i c a l  cosmic ray seen a t  the e a r t h  has spent a time o f  the 

order  o f  Lz/4 d i f f u s i n g  around i n  the so la r  wind, where L i s  the 

radius o f  the c a v i t y  which the wind carves ou t  o f  the i n t e r s t e l l a r  

I n teg ra t i ng  (4) ove; the time i n t e r v a l  L2/( , neglect-  

ing the v a r i a t i o n  of & ,yields 

f o r  the meap t o t a l  energy of a cosmic ray ins ide the c a v i t y  i n  terms o f  

i t s  t o t a l  energy outs ide the cav i t y .  

The densi ty  n o f  cosmic rays near the sun i s  reduced below the 

dens i t y  i n  i n t e r s t e l l a r  space Mo by the compet i t ion between convec- 

t i o n  and diffusion"'). Parker's theory y ie lds  

If we neglect  the f a c t  t h a t  cosmic rays d i s p l a y  a d i s t r i b u t i o n  i n  energy 

and 'consider a monoenergetic cosmic ray gas then a 1 i m i t  on the coe f f  i- 

c i e n t  L V / $  can be deduced. The p a r t i c l e s  are assumed t o  be r e l a -  

t i v i s t i c ,  therefore w z c  and -we may w r i t e  

Then 
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and 

- %  
n = Y ) e  

0 

Mow momentum conservat ion appl ied t o  the i n t e r a c t i o n  between the  so la r  

wind and the cosmic ray gas requires t h a t  the pressure o f  the  cosmic 

ray gas sha 1 increase w i t h  distance from the sun. Since the pressure 

of t he  cosm c ray gas i s  propor t ional  t o  n E  we must have 

or  ;1! A 1 e Thus f o r  the average cosmic ray energy we must have 

Analysis o f  the  behavior o f  "cosmic rays" generated a t  the sun sug- 

gests t h a t  the  mean f r e e  path fo r  cosmic rays w i t h  k i n e t i c  energies o f  

the  order o f  a few hundred Mev t o  Gev i s  about lof2 cm y i e l d i n g  

5 N, 1022 cm2 sec For k i n e t i c  energies o f  the order  o f  a few 

Gev the mean f r e e  path may be somewhat longer. However, i f  we take 

5 = lo2= cm2 s - ~  and 

ge t  an upper l i m i t  on L which i s  ~ 2 0  astronomical un i ts .  The actual  

boundary between the so la r  w i n d  plasma and i n t e r s t e l l a r  gas may be loca- 

ted considerably f u r t h e r  away from the sun since the dimension 

V =  3 x lo7 cm s-' ( t h e  so la r  wind v e l o c i t y )  we 

L 
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def ines on ly  the region w i t h i n  which the  d i f f u s i o n  c o e f f i c i e n t  i s  small 

enough t o  cause s i g n i f i c a n t  scat ter ing.  The d i f f u s i o n  c o e f f i c i e n t  i s  

l i k e l y  to  vary w i t h  h e l i o c e n t r i c  d is tance p a r t l y  because o f  the  r a d i a l  

divergence o f  the plasma f l o w  and p a r t l y  because of the generat ion and 

d i s s i p a t i o n  o f  the turbulence which manifests i t s e l f  as magnetic i r r e -  

g u l a r i t i e s .  

It i s  i n s t r u c t i v e  t o  compute the t o t a l  amount o f  energy d iss ipa ted  

f r o m  the  wind by t h i s  f r i c t i o n .  This  w i l l  be of the order o f  

With the parameters mentioned above and tak ing  

9 %lo2* e rg  s - ' ~  

average = 2 Gev and 

This  should be compared = lo-" cmm9 we f i n d  

t o  the energy t ransported away from the corona by the so la r  wind which 

i s  o f  the order  o f  Tr-N,Mv3/2 where fe i s  the astronomical 

4" 

un i t ,  Ne i s  

gen mass. For 

Thus about one 

f e r r e d  to cosm 

the so la r  wind densi ty  a t  one a.u. and M i s  the hydro- 

N, = 4 cm" t h i s  i s  o f  the order o f  e rg  s-le 

percent o f  the solar wind's streaming energy i s  t rans- 

c rays by c o l l i s i o n s  w i t h  magnetic i r r e g u l a r i t i e s .  How- 

ever, some care should be exercised here s ince several o f  the parameters 

i n  (15) are h i g h l y  uncertain, p a r t i c u l a r l y  the s i z e  o f  the c a v i t y  and the 

mean f r e e  path f o r  scat ter ing,  
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We conclude t h a t  (apar t  from the e f f e c t  o f  the polar izat . ion e lec-  

t r i c  f i e l d )  cosmic rays in the v i c i n i t y  o f  t he  ear th  have a mean den- 

s i t y  t h a t  i s  smal ler  than t h a t  In i n t e r s t e l l a r  space by a f a c t o r  some- 

what less than about three, while they are  on the average more energet ic  

than they are  i n  i n t e r s t e l l a r  space by a f a c t o r  a lso  somewhat less than 

a b o u t  three, 
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CONCLUS I ON 

The idea t h a t  cosmic rays are a d i a b a t i c a l l y  decelerated i n  the 

steady so la r  wind i s  based on the assumption t h a t  a l l  cosmic rays are 

through 

ga i ned 

energy 

convected along w i t h  the  w4nd, Those cosmic rays t h a t  a re  convected 

along w i t h  the so la r  wind w i l l  i n  f a c t  be decelerated by ad iabat ic  de- 

ce le ra t ion .  However a l l  cosmic rays are  not convected along w i t h  the 

wind. The average motion of ind iv idual  cosmic ray p a r t i c l e s  is given 

~y the  bu lk  v e l o c i t y  o f  the cosmic ray gas. I n  the equ i l i b r i um s t a t e  

t h i s  bu lk  v e l o c i t y  is zero. 

a t  any ins tan t  and these are los ing energy. But o ther  p a r t i c l e s  are 

Some p a r t i c l e s  a re  being convected outward 

m r k i n g  t h e i r  way upstream agaia,s., the w l x !  ar?d these ! a t t e r  p a r t i c l e s  

a r e  gain ing energy. The net e f f e c t  i s  a s ta t l ona ry  cosmic ray gas 

owing. The energy 

i g h t l y  greater  than the 

the average energy i s  

be ing fed i n t o  the  cosmic rays by the  i r r e g u l a r i t i e s  i n  the  so la r  wind. 

The cosmic ray gas i n  the so la r  environment i s  there fore  being 

heated by f r i c t i o n  w i t h  the  so la r  wind which f lows through i t. This 

heat  leaks away to i n t e r s t e l l a r  space (and t o  the  S U R )  by d i f f u s i o n .  

which massive sca t te r i ng  centers tare f 

n "head-on" Fermi c o l l  is ions i s  then s 

o s t  i n  " ta i l -on"   collision^ so t h a t  on 

u Y 
That is,  ind iv idua l  cosmic rays, having been heated by t h e i r  contact  

w i t h  the so la r  wind, u l t i m a t e l y  escape back to i n t e r s t e l l a r  space or 

a r e  absorbed by the  sun o r  a p lanet.  

estab l ished i n  which the cosmic ray gas w i t h i n  the so la r  wind region i s  

51  ig lht ly "hotter"  than the surrounding i n t e r s t e l l a r  cosmic ray gas. 

I n  t h i s  manner an equ i l i b r i um i s  
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' APPEND I X 

The expression t o  be  calculated^ i s  

1 I 

- 1  - I  

where 

We are  now us ing u n i t s  in  which C = 1 . i s  the  t o t a l  

s c a t t e r i n g  cross section, & 

rz= (,-%y-' i s  the angle between E,$ i n  the center-of-mass 

system a f t e r  the c o l l i s i o n ,  and 8 i s  the angle between 2, E i n  the 

l abo ra to ry  system before the c o l l  i s  ion. 

i s  the  i n i t i a l  energy of the p a r t i c l e ,  

) 

S u b s t i t u t i o n  i n t o  equat ion (AI) y i e l d s  



w i t h  

where ,a = c o s @  . 
For the s c a t t e r i n g  process which we a re  consider ng, C O S <  = - ~ 4 s ~ ~  

where 

center v e l o c i t y  i n  the center-of-mass frame before the i n t e r a c t  ion; 

i s  the angle between the p a r t i c l e  v e l o c i t y  and the s c a t t e r i n g  

When one then re la tes  cosyc t o  m s e  v i a  the  usual Lorent r  

, t ransformat ion one f inds t h a t  

1 = I  +I- 
3 I 2 

These in teg ra l s  can be computed exactly; however i t  i s  i n s t r u c t i v e  

Case I :  t o  f i r - s t  examine the expressions i n  three l i m i t i n g  cases, v fz .  

v24< w2d( I ; Case I I :  y 2 &  w 2 e  1 ( t h i s  i s  the 

physjcal  s i t u a t i o n ’ u n d e r  discussion i n  the body o f  the paper); and 

Case‘ I I I :  V = L  ,. w a < < l  , 

The u l t r e r e l e t i v l s t i c  case, V b W x 1 w i l l  be discussed 

separately below. 
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I n  order t o  so lve (A2) f o r  cases 1 - 1 1 1  i t  i s  s u f f i c i e n t  to'make a 

few s i m p l i f y i n g  approximations. ' Ignore the cross product 'terms i n  

and b e  as these are o f  order I/C2 times the other  terms. One can 

f u r t h e r  a1 low 

S u b s t i t u t i o n  of  & A 3 ) - ( A 7 )  i n t o  (A2) and in teg ra t i ng  y ie lds,  a f t e r  

some elementary algebra, 

Thus, one has f o r  Case I and Case I I  ( V 2 &  W 2 )  

w h i l e  f o r  Case 1 1 1  ( v 2 6  w 2 4  1 ) 

5 

The sa l  ien t  feature o f  these 1 i m i t  ing cases i s  t h a t  a t  l eas t  one 

v e l o c i t y  i s  n o n r e l a t i v i s t i c .  

mations t o  be made. It should be pointed out  t h a t  i n  Case 1 1 1  the 

It i s  t h i s  f a c t  which al lows the approxi-  
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c 

s e r i e s  i n  V1/wz converges rap id l y  even when V 2 % W t . 
4 2  

To evaluate (A2) i n  the u l t r a r e l a t i v i s t i c  case when V 5 W e 1 

.we are allowed no approximations and (A3)-(A5) must be computed exact ly .  

Th is  i s  e a s i l y  done, but a t  the expense o f  no t  being r e a d i l y  ab le  to  

recover the n o n r e l a t i v i s t i c  resu l ts  in  (A8)-(A9). 

The exact expression f o r  (A2) i s  

which reduces t o  

In order to v e r i f y  th is l i m i t ,  no t i ce  tha t  the logar i thmic  

term becomes 

which y ie lds  
- 4 2  

By L 'Hop i ta l ' s  r u l e  A n - L J  . 8 = 0  
P -  f 

equation (A10) . 


